On the basis of the kinetic theory of fluctuations, the processes of the longitudinal Langmuir wave transformation into a transverse electromagnetic wave in the turbulent inhomogeneous plasma have been studied. The plasma turbulence is assumed to arise owing to the parametric decay of the upper hybrid pump wave into a daughter wave and electron-drift oscillations. The transformation coefficient under the parametric instability saturation conditions is determined. The intensity of the electromagnetic radiation emission from the plasma is calculated, and its dependence on the plasma and pump wave parameters is found. K e y w o r d s: kinetic theory of fluctuations, turbulent plasma, upper hybrid pump, transformation, plasma radiation.
Introduction
The study of the scattering and transformation processes is known to be challenging for both the research of the fundamental plasma properties and the solution of various practical problems dealing with a plasma, e.g., the plasma diagnostics, the study of the mechanisms of wave transformation, and the measurement of the efficiency of the RF power dissipation in a plasma. Rather important seems to be the study of the role of fluctuations in those processes. It is evident that the intensity of the scattering or transformation will be quite substantial in a non-equilibrium plasma, if the magnitude of fluctuations considerably exceeds that of the thermal noise.
The plasma non-equilibrium state can be associated, e.g., with the development of parametric instabilities induced by the influence of the pumping on a plasma. Note that the study of various nonlinear processes in a "plasma-with-pump" system is of permanent interest, which is evidenced by recent researches dealing with a laboratory plasma [1, 2] , a plasma of fusion devices [3, 4] , and a quantum plasma [5] .
The theory of the transformation and scattering of electromagnetic waves in a plasma was developed in works [6] [7] [8] [9] and described in works [10, 11] in detail. Various possibilities of using the scattering and c ○ V.G. PANCHENKO, P.V. PORYTSKY, 2019 transformation for the diagnostics of laboratory and space plasmas were analyzed in work [12] .
The kinetic theory of fluctuations in a plasma has been developed in works [13] [14] [15] . The influence of the electromagnetic radiation of various types (a dc electric field, an oscillating electric field with a finite amplitude, high-power radiation, a pump wave) on fluctuations in a magnetoactive plasma was analyzed in works [11, [16] [17] [18] . The theory of fluctuations in a magnetized plasma in the presence of parametric instabilities of pump waves in various frequency ranges was developed further in works [19] [20] [21] .
Various transformation processes in a magnetized turbulent plasma with low hybrid pumps were considered in works [22, 23] . The transformation in a turbulent plasma with upper hybrid pump was studied in work [24] . The results obtained in the cited works made it possible to explain the mechanism of electromagnetic radiation emission from a plasma, in particular, the spontaneous radiation emission from Sun's corona at the double Langmuir frequency.
In this work, on the basis of the kinetic theory of fluctuations, the processes of transformation of the longitudinal Langmuir wave into an electromagnetic wave in a magnetically inhomogeneous and parametrically unstable plasma have been studied. The transformation coefficient is obtained in the case where electron-drift oscillations are parametrically excited by the upper hybrid pump. The intensity of the electromagnetic radiation emission from a plasma is calculated, and its dependence on the plasma and pump wave parameters is determined.
It should be noted that, in our previous works devoted to the study of the processes of scattering and transformation, the case of uniform plasma was mainly considered. Under real laboratory conditions, however, the plasma is always inhomogeneous. Therefore, the application of the inhomogeneous plasma model is very important, because it allows a number of problems associated with the parametric excitation of low-frequency oscillations in a plasma -in particular, various types of drift waves appearing owing to the existence of the density and temperature gradients in a plasma -to be considered. An important role of parametric instabilities in the frequency range of the upper hybrid resonance was marked in works [25, 26] , in which the anomalous absorption of RF power and the wave scattering processes in a turbulent plasma were analyzed.
Formulation of the Problem
A dominant contribution to the differential crosssection of transformation, Σ → , is given by electron density fluctuations. At the same time, the interaction between the incident Langmuir wave and the fluctuations of electric and magnetic fields, as well as the thermal velocity of electrons, can be neglected. Therefore, the differential cross-section Σ → can be written as follows [11, 22] :
where
are the frequencies and wave vectors of the incident and transformed waves, respectively; O is the solid angle; and ⟨︀ 2 ⟩︀ q,Δ is the correlator of electron density fluctuations at the combinational frequency Δ (the formula for this parameter can be found, e.g., in work [22] ). The factor in formula (1) is determined by the known expression [11, 24] and depends on the direction of the incident and transformed waves with respect to the magnetic field. Attention should also be paid to that the frequencies and wave vectors of the incident and transformed waves are mutually related by the energy and momentum conservation laws,
Let us consider the electron-ion plasma embedded into an external magnetic field. The plasma is affected by an HF pump field, which is directed perpendicularly to the magnetic field. The pump field will be considered in the dipole approximation, E 0 ( ) = = 0 y cos 0 , with the pump frequency being in the upper hybrid frequency range, i.e., 0 ∝ UH , where
Note that expression (3) is valid in the case of highly magnetized plasma, when ≪ Ω . Let us also assume that the decay decrement of the upper hybrid wave equals UH ≈ .
The plasma inhomogeneity is characterized by an exponential gradient of the density, when the corresponding distribution function 0 , is proportional to exp( ) with the plasma inhomogeneity parameter = (1/ 0 )( 0 / ). As was shown in work [27] , the ratio between the pressure and magnetic field inhomogeneities is of an order of / ∝ , where and are the characteristic scales of changes for the plasma density and the magnetic field, respectively, and is the ratio between the plasma and magnetic pressures. The condition ≪ 1 is well obeyed in most cases of a laboratory plasma, as well as for ionospheric plasma. Therefore, the inhomogeneity of the magnetic field will be neglected in comparison with the inhomogeneity of the plasma density. Temperature gradients will also be neglected.
It is known [28] that, in a magnetoactive inhomogeneous plasma, there can exist electron-drift oscillations, whose frequency and damping decrement are determined by the formulas
respectively. From Eq. (5), one can see that the interaction of the intrinsic plasma waves with electrons is a destabilizing factor, i.e. the excitation of oscillations takes place, which is caused by the convection of resonance electrons, since the ion damping is exponentially low. Note, however, that the Landau ion damping can be significant for a plasma in small laboratory installations, where || acquires large values. Furthermore, the damping in installations with a magnetic field shear is a result of the ion convection into the region, where || is large, whereas small || -values occur only in narrow plasma layers [20] . Below, we will consider the case where the drift oscillations fade, i.e. the contribution of the second (ion) term in formula (5) is crucial.
Transformation of Langmuir Wave in Turbulent Plasma
Let us consider the transformation process under conditions of parametric instability, when the pump wave decays into a daughter upper hybrid wave and electron-drift oscillations:
Note that the pump frequency 0 has to slightly exceed the upper hybrid frequency UH , because the relation ≪ ( 0 , UH ) is obeyed. Provided that the decay condition (6) is satisfied, it is easy to obtain an expression for the threshold field strength with respect to this parametric instability, 
By integrating expression (1) over ′′ and substituting values for the electron density correlator, the transformation cross-section can be written in the form [18, 19] 
Here, Δ = UH for the upper hybrid wave and Δ = = for the drift one, and 0 ( = , ) is the linear susceptibility of a plasma. Note that the expression for the nonlinear dielectric constant is given in works [19, 20] . The parameter
This criterion can be considered as a restriction imposed from above on the pump wave field amplitude. At the same time, there exists an analogous restriction from below, since we consider the turbulent plasma mode in the parametric instability region above the threshold, i.e. when 0 > * .
In formula (9), the quantities ⟨︀ 2 ⟩︀ 0 and ⟨︀ E 2 ⟩︀ 0 are the known spectral correlation functions for the plasma density and electric field fluctuations, respectively, in the case of non-interacting particles in a magnetized plasma and in the absence of an electric field [15, 18, 25] . In the above-threshold region of parametric instability, the plasma transits into a mode with developed fluctuations. In order to determine the saturation level for fluctuations, we use the stabilization mechanism for the instability invoked by the scattering of charged particles on turbulent fluctuations of the electric field.
To characterize this scattering, let us introduce the effective collision frequency eff and assume that eff > ( UH , ). In this case, when calculating the correlators for the density and electric fluctuations regarded as characteristic plasma waves, we will consider the quantities˜= + eff and use the reevaluated threshold field magnitude˜2 * ≈ ( UH ) 1/2 . This mechanism of instability saturation, which considers the additional wave damping, was described in works [18, 20] in detail. It should be noted that, in the above-threshold region of parametric instability and in the mode of turbulent fluctuations, the effective collision frequency exceeds the damping decrement of the upper hybrid and drift waves, but remains undoubtedly lower than the actual frequencies of the waves that are decay products [see Eq. (6)].
Let us discuss another issue. In this work, we do not give expressions for the correlators of the density and electric field fluctuations obtained in the previous works for a uniform plasma. It is known [11, 14] that the spectral densities of the field and density fluctuations are expressed in terms of the correlators of non-interacting particles, which depend, in turn, on the correlator of source fluctuations. In an inhomogeneous plasma, the latter depends not only on the difference r − r ′ , but also on the vectors r and r ′ separately. For a weakly inhomogeneous plasma, the dependence of the source fluctuation correlator on r − r ′ is more abrupt than the dependence on the coordinate r, since the former is associated with the wavelength of drift oscillations = 2 / ⊥ , whereas the latter with the characteristic scale of the plasma inhomogeneity = 1/ . Therefore, the condition of weak inhomogeneity, ≪ , is satisfied.
Results of Calculations
As was done in the previous works [23, 26] , lowfrequency electron-drift oscillations are assumed to make a dominant contribution to the electron density correlator ⟨︀ 2 ⟩︀ q,Δ and, thus, to the transformation cross-section (9) . In this case, we may set
Here, when calculating the electric field and density correlators for non-interacting particles, we used the fluctuation-dissipative theorem. Keeping only the resonance terms in Eq. (9) and making allowance for formulas (10) , the following expression for the transformation cross-section is obtained:
Let us evaluate this expression. For the typical parameters of a hot plasma = 5 keV, 0 = 50 kGs, = 10 14 cm −3 , and the pump field with an energy flux density of 50 kW/cm 2 [20] , which is used for the heating of such plasma, we obtain ∝ 10 −1 . We may also put ≈ 10 −1 and / ≥ 10 [29, 30] . The corresponding calculations show that the main contribution to the transformation coefficient is given by the second term in the parentheses on the righthand side of expression (11) . This term depends on the pump field amplitude and can exceed 1 (this value corresponds to the wave transformation induced by the thermal noise) by several orders of magnitude. Note also that, in this case, the transformation cross-section substantially depends on the plasma density gradient ( Σ → ∝ ).
The transformation of longitudinal waves into electromagnetic ones also comprises a point of interest as one of the possible mechanisms governing the energy emission from a plasma by means of electromagnetic waves. Really, there are always stochastic Langmuir waves in a plasma, whose amplitudes are determined by the electron temperature. By interacting with turbulent drift oscillations, the Langmuir waves can transform into electromagnetic ones, which are emitted from the plasma afterward. The corresponding radiation intensity is related to the transformation coefficient by the relation [11] ≈ ∫︁ ∫︁
where is the plasma volume, and ′ ′ ,k ′ is the energy flux density of fluctuating Langmuir waves, which is determined by the expression
In formula (13), = 3 2 ′ is the group velocity of Langmuir waves, and
is the dielectric constant for longitudinal Langmuir waves.
We may take
at ′ ≈ and assume that the inequality ′′ ≪ ′ ∝ ∝ is satisfied for the process → . Substituting only the dominant (field) term from Eq. (11) into Eq. (12), taking into account that ∫︀ ⟨︀ E 2 ⟩︀ 0 ′ ,k ′ ′ ∝ ∝ , and integrating over ′ in Eq. (12), we obtain a final expression for the intensity of electromagnetic radiation emission from a turbulent plasma:
The corresponding numerical calculations show that, in the case of typical plasma parameters that were used above to estimate expression (11) , the value of the electromagnetic radiation intensity given by formula (14) is much larger than the corresponding value obtained for a magnetized plasma in the absence of turbulence.
Conclusions
In this work, the processes of transformation of the longitudinal wave into an electromagnetic one at turbulent fluctuations in a magnetoactive plasma in the above-threshold region of parametric instability have been studied. The turbulent instability arises when electron-drift oscillations are parametrically excited by the upper hybrid pump wave. It is shown that the main contribution to the transformation coefficient and the intensity of radiation emission from a plasma is made by the terms that depend on the frequency and amplitude of the pump field. The dependences of the indicated quantities on the density gradient [Eqs. (11) and (14)] makes it possible to elucidate the influence of the plasma inhomogeneity on the processes of transformation in and radiation emission from a turbulent plasma. In addition, by changing the pump parameters, it is possible to control the electromagnetic radiation emission from the plasma medium, which can be important for the diagnostics of laboratory and space plasmas.
